A coplanar refractive-diffractive doublet array employing surface-relief diffractive phase elements embedded within poly1methyl methacrylate2 microlenses is introduced as an optomechanical building block for optoelectronic integrated systems. The design method, fabrication technology, and results are described. Coplanarity of the quadratic-and linear-phase elements constituting the doublet can reduce optomechanical complexity in applications to unguided optical interconnects.
Introduction
Transduction elements used in optoelectronic integrated systems 1, 2 to convert electrical signals to unguided optical beams and vice versa are subject to conflicting requirements. On the one hand, selfluminous sources or passive modulators, and photodetector elements that share a substrate with electronic functional circuitry, should be of small diameter: drive requirements and undesirable circuit parasitics are then smaller, and substrate utilization by functional circuitry is greater. On the other hand it is desirable that free-space propagating beams exhibit low numerical aperture 1small divergence angle2 so that demands on the acuity of the imaging systems that convey them are minimized. Unfortunately, low numerical aperture is inconsistent with the small entry and exit pupils of small detectors and emitters.
The simultaneous requirements of small device size and low beam numerical aperture are reconciled by use of microlenses to collimate the beams diverging from small sources and to concentrate incident collimated beams onto small detectors. [2] [3] [4] Microlenses have assumed an important role in optical interconnection, 3, 5 fiber communication systems, 6 and infrared systems. 7 Further, in both substrate-mode [8] [9] [10] and lens-based system methodologies 3, 4, 11, 12 for optical interconnection, beams leaving their sources must be directed differently within the system to effect the desired interconnection, as shown in Fig. 1 . Thus an element or a combination of elements that augments a quadratic-phase 1focusing2 complex transmittance with a linear-phase 1deflecting2 transmittance is desirable. Linear-phase transmittance functions, or transmittance functions representing sums of linear phase functions that lead to beam splitting, can be realized straightforwardly with spatially periodic diffractive elements.
Many technologies now exist with which satisfactory microlens arrays can be realized. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Given a multiplicity of alternatives for achieving the required bare functionality, a choice of technology will be made on the basis of optomechanical compatibility with the physical design of the system, or in other words, on the basis of packaging considerations.
Synthetic diffractive elements with spatially periodic features have proven suitable for the realization of linear-phase elements for beam deflection and sum-of-linear-phases 1fan-out2 elements 23 for beam splitting. The inherent planarity of diffractive elements is desirable in the context of optoelectronic packaging, which in addition to the precise control of focusing power afforded by microlithography, has led to the incorporation of both linear-phase and quadratic-phase functionality within a single diffractive element. 24 Although combining all functions into a single diffractive element is attractive for many reasons, the small feature sizes necessary to implement fast focusing elements can challenge the capabilities of lithography and violate the hypothesis of scalar diffraction analysis. Additionally, pure deflection or fan-out elements with no focusing power can exhibit spatially periodic features and therefore entail reduced design complexity compared with more general elements. For these reasons, microlens-grating doublets have been investigated. Thus far, however, reported efforts have placed microlenses and gratings on opposite sides of a carrier substrate. 25 The spatial shift of the path of an oblique beam as it propagates through this carrier degrades performance and complicates design at low numerical apertures.
In the following we describe coplanar microlensgrating doublet arrays fabricated by patterning of cylindrical thermoplastic columns atop high-refractive-index surface-relief diffractive elements and then by melting of the columns into spherical shape. The fact that access is necessary only to one surface is desirable from a packaging standpoint.
Design
A coplanar doublet has its deflection angle determined by the spatial frequency of the grating; its focal length is that of the microlens. By virtue of this physical separability we address independently the designs of the microlens and the grating. In our process we first deposit a Si 3 N 4 thin film atop a glass substrate, fabricate a grating in this layer, and coat the surface with poly1methyl methacrylate2 1PMMA2. We can form spherical microlenses in this thermoplastic layer by patterning it into cylindrical columns and melting them into spherical shapes. 17, 19, 20 Assuming that the volume of the PMMA remains constant when it is melted, we can calculate the height H of a PMMA column needed to produce a lens of a given focal length f on the basis of geometry and geometrical optics. The paraxial focal length f of a spherical plano-convex lens in air is 26
where n is the lens-material refractive index and R is the radius of curvature of the spherical surface. Then
where R1 f 2 is the radius of curvature of the spherical surface as a function of focal length. The height h of a spherical lens of diameter 2r is
.
132
The volume of a PMMA cylinder of height H and diameter 2r before melting is pr 2 H, and the volume after melting, assuming sphericity, is 11@32ph 2 13R 2 h2. It follows that the necessary thickness is
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which provides the functional relation between the PMMA column height and the paraxial focal length of the lens when the refractive index and the lens diameter are given. These expressions yield that, for example, a spherical, 500-µm-diameter, f@10 lens requires a PMMA thickness of 6.26 µm. Other cases are represented in Table 1 .
The effect of PMMA evaporation at its working melting temperature is too big to neglect. To represent this loss, we introduce a factor a1t2 . 1, which precompensates for evaporation and is a function of the melting time. The thickness needed to make a desired lens can then be described as
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That is, to calculate the thickness needed to make a desired lens, one need consider both the focal length of the lens and the evaporation rate of the material.
Fabrication

A. Poly1methyl methacrylate2 Microlens Array by Melting Process
The first step in making a PMMA microlens array is to pattern an array of cylindrical columns with the parameters determined in Section 2, by use of deep-UV lithography. The resist layer is formed from a 9%-byweight solution of 500,000 molecular weight PMMA in chlorobenzene. The solution is spun onto a 1-mmthick glass substrate at 2000 rpm for 45 s, then baked Fig. 1 . Generic substrate-mode and lens-based optical interconnects that use elements, shown as narrow rectangles, whose transmissivity is a product of a quadratic phase 1focusing power2 and a linear phase or sum of linear phases: 1a2 In substrate-mode systems, focusing power collimates beams for low-divergence lensless propagation; linear-phase transmissivity directs each beam toward a detector. 1b2 In Fourier-plane-based systems, collimation reduces the Fourier-plane area required; linear-phase transmissivity facilitates implementation of space variance. Fig. 2 . Owing to surface tension, the microlenses are spherical and smooth, and the whole lens is azimuthally symmetric. Melting can be performed at a lower temperature with a longer process time.
As we indicated in Section 2, the PMMA evaporates at a significant rate when maintained at its melting temperature. The data in Fig. 3 show that the height of the lens decreases exponentially as the melting time increases. Therefore taking advantage of this, we have two ways to control the focal length of the microlenses: by adjusting both the thickness of the coated PMMA film and the melting time.
With the above procedure, various types of lenses with a wide range of focal lengths and f-numbers can be made. Particularly, fabrication of PMMA microlenses slower than f@10 is practicable. Apparently the balance between PMMA surface tension and the surface energy of the PMMA-glass interface favors a shallow equilibrium PMMA surface slope at the microlens peripheral edge.
B. Microlens-Grating Doublets
Combining a planar diffractive element with a microlens to form a doublet requires the fabrication of the diffractive element in a way that does not perturb the figure of the microlens. Placing the two elements on opposite sides of the substrate is an approach that compromises optical performance when focal lengths are small, as is the case in applications to optoelectronic integrated systems. We approached the problem by fabricating diffractive elements first, then encapsulating them completely within PMMA columns. This removes them from the interactions at the PMMA surface and the PMMA-substrate-air corner that determine the microlens' eventual shape. Because the spun PMMA film is planarizing, perturbations to the total column volume caused by the diffractive element's displaced volume tend to be compensated. The fact that the surface-relief diffractive element is itself embedded within a material of refractive index of ,1.5 requires that it be realized in a much denser material if reasonably low etching aspect ratios are to be expected. Our experiences embedding simple, binary phase gratings of Si 3 N 4 within PMMA microlenses are described below.
First, a Si 3 N 4 film 7400 6 500 Å thick was deposited on a clean 1-mm glass substrate by plasmaenhanced chemical vapor deposition. The refractive index of the deposited Si 3 N 4 was 2.0 6 0.1. Second, 50%-duty-cycle chrome gratings with periods of 12 and 6 µm were patterned atop the Si 3 N 4 film by standard photolithography, metalization, and lift-off. Reactive ion etching was used to pattern grooves approximately 6328-Å deep into the nitride film. The remaining chrome was removed by wet etching, yielding transmissive Si 3 N 4 phase gratings. The groove depth was chosen to provide an approximately half-wavelength, or p-phase, shift relative to the unetched area, after being filled with PMMA. Finally, we completed the doublets by patterning and melting PMMA columns over the gratings using the process described previously. To meet the specific requirements of a system under development, 2 we designed a 350-µm-square grating and replicated it in a square array of 800-µm pitch. The microlens array was so designed that gratings appear in a checkerboard fashion under half the microlenses, which themselves form a hexagonal array. Figure 4 shows melted PMMA microlenses atop Si 3 N 4 gratings. Figure 5 shows contact profilometry data from the array; slight departure from sphericity is observable in perhaps the outermost 5% of the radius, at the PMMA-substrate-air corner. The focal length of the microlenses was measured to be 5 6 0.1 mm.
Characterization
Based on the fabrication process, the a1t2 factor can be measured. We found that during the melting process the rectangular PMMA column first deforms into a crater shape and then arches into spherical form. The spherical shape is kept as heating continues, PMMA evaporates away, and the lens height falls. Finally, the crater reappears when the lens height becomes ,2 µm. We refer to the time at which the lens first assumes satisfactory sphericity as the lens formation time, t 0 . Measured values for a1t 0 2 are given in Table 2 for some different focal lengths. The fact that a1t 0 2 is bigger for a 6.6-µm-high column than for an 8.8-µm column is reasonable because the formation of shallower microlenses requires that a greater fraction of material move from the periphery of the column to its center.
A series of experiments was conducted to characterize the microlenses and doublets. Figure 6 shows the optical configuration. This experiment served two purposes: that of measuring the focal length and uniformity of the lenses and also of determining the microlens' figure through interferometric observation of wave-front distortion.
The system is a Michelson interferometer; lens L images light leaving the plane of the microlenses onto the screen, which light interferes with the image of the plane reference wave from M 2 . The input plane wave enters the microlens array, is transformed into an array of focused spots, reflects from M 1 , and passes back through the microlenses. If the microlenses are perfect and M 1 is precisely in their focal plane, perfectly collimated circular beamlets will leave the microlenses and form straight fringes upon interference with the reference beam. Figure 7 shows the focused spots produced by an array of 500-µm-diameter, 12.7-µm-high microlenses. Spots appear uniform in size and intensity. The focal length of the microlenses was measured to be 5.1 mm. Figure 8 shows the interference fringe pattern arising when mirror M 1 is located in the microlens' focal plane. Wave-front error after two passes is roughly l@4 over most of the lens aperture.
We measured the spot intensity profile by scanning a single-mode optical fiber across a magnified image of the focused spot from a single microlens under collimated 6328-Å illumination. The measured full width at half-maximum 1FWHM2 was 40 µm 1see Fig.  92 , which, accounting for the magnification of 3.57 incurred in our measurement system, is roughly twice the diffraction-limited FWHM corresponding to an ideal f@10 lens. Figure 10 shows the diffracted pattern, formed by the microlens-grating doublet, at the microlens focal plane. Because the phase modulation of the grating was not exactly p, the zero order of the diffraction was not extinguished.
Discussion
Coplanar refractive-diffractive doublets can be employed to great advantage when detectors, emitters, and@or passive modulators residing on electronic substrates1such as silicon VLSI2 must couple to freespace propagating beams. Figure 11 shows why this is so. The microlenses transform the small-diameter low-numerical-aperture beams at the entry and exit pupils of the aforementioned transduction elements to broader collimated beams in the microlens plane. Thus collimated coherent beams leaving emitters or modulators may then be directed by a diffractive element in a particular direction or directions; see Figs. 111a2 and 111b2. Alternatively, linear-phase diffractive elements can be used to cancel the angular bias of an obliquely incident beam so that the relative position of the detector and microlens need not depend on the incident angle; see Fig. 111c2 . Such merits are discussed further in Ref.
2. The chief benefit of this work is that, because both microlenses and diffractive elements are on one side of the substrate, the microlens substrate itself can be contacted directly to the optoelectronic substrate containing the optoelectronic transduction elements. This eliminates three degrees of freedom from the task of aligning the microlenses with the optoelectronic substrate and therefore strikes a blow for optomechanical simplicity. Two straightforward refinements of the basic technique suggest themselves. Most obviously, microlenses of a more mechanically robust material than PMMA would have greater practical value. Further investigations will seek to identify appropriate lowmelting-temperature glasses that can work well on, e.g., a fused-quartz substrate. Using diffractive elements to correct aberrations of refractive elements has been reported. 27, 28 The diffractive element can, in addition to providing linear-phase functionality, assume the task of correcting spherical aberration 1of fast microlenses2 or aberrations arising from off-axis operation, as in Fig. 111c2 . This benefit can be reaped with practically no increase in fabrication complexity and therefore represents a greater utilization of fabrication resources.
Conclusion
We have introduced a technique for the fabrication of coplanar refractive-diffractive doublets that we expect will contribute to the optomechanical simplicity of systems that couple to free-space propagating beams. The lithographic definition of diffractive ele- ments before their encapsulation by a meniscus of low-melting-temperature material, in our case PMMA, provides a convenient means of realizing spacevariant arrays of focusing-steering entities. The focusing power, provided by the refractive microlens, is obtained without reduction of the feature size of the diffractive element. Optomechanical simplicity and alignability derive from one's being able to position electro-optical transduction elements directly in the microlens focal plane by mechanically contacting the microlens-diffractive-element carrier substrate directly to the optoelectronic substrate.
